A linear ion source with magnetron hollow cathode discharge is described in this paper. The linear ion source is based on an anode layer thruster with closed-drift electrons that move in a closed path in the E ϫ B fields. An open slit configuration is designed at the end of the ion source for the extraction of the linear ion beam produced by the magnetron hollow cathode discharge. The special configurations enable uninterrupted and expanded operation with oxygen as well as other reactive gases because of the absence of an electron source in the ion source. The ion current density and uniformity were experimentally evaluated. Using the ion source, surface modification was conducted on polyethylene terephthalate polymer films to improve the adhesion strength with ZnS coatings.
I. INTRODUCTION
There has been a growing interest in recent years in the generation of intense charged particle fluxes for applications such as space ion thrusters, plasma accelerators, and ion beam sources for surface treatment. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In addition, demands for miniaturization of microelectronic circuits and fabrication of flexible electronic devices make it important to improve the adhesion strength between coatings and substrates made of polymers and other insulators. Among the recent advances in magnetodynamic methods for plasma acceleration, an accelerator with closed-drift electrons in an electric discharge in the E ϫ B fields is particularly promising.
Closed-drift accelerators are based on the possibility of generating a strong electric field either in quasineutral plasma or between plasma regions separated by a double electric field, which is normal to the applied magnetic field and suitable for high current ion beam acceleration. The E ϫ B field accelerator can generate ion beams with a current density several hundreds of times higher than that offered by electrostatic acceleration. Therefore, the plasma accelerator with closed-drift electrons in the E ϫ B field is most developed as a high current ion beam source, which can be used in industrial applications pertinent to surface modification and thin film fabrication. 6, 7 Plasma accelerators utilizing closeddrift electrons are also called hall accelerators that can be divided into two classes: plasma accelerators with extended zone of acceleration, and accelerators with an anode layer. An anode layer ion source is very suitable for in-line industrial production due to its robust design and low maintenance. The discharge mechanism of an anode layer ion source is similar to that of the planar magnetron in sputtering deposition. A small difference is the positioning of the anode inside a discharge chamber and an open slit in the cathode for ion beam extraction. In this paper, a linear ion source with magnetron hollow cathode discharge is described. The design and operation of the linear anode layer ion source are also discussed.
II. LINEAR ION SOURCE
The schematic diagram of the linear ion source is depicted in Fig. 1 . The linear ion source mainly consists of a cathode and an anode. The water-cooled stainless steel anode is inserted into the discharge chamber, which is enclosed by the cathode and stainless steel shield. The SmCo permanent rods are affixed outside the discharge chamber, which can easily be set between the inner and outer magnet poles. The permanent magnetic field can be guided closely to the anode by the inner and outer magnet poles, which are also used as the cathode. The working gas is introduced into the discharge region via inlets and gas feed manifolds.
The linear ion source is based on the operating principle of a plasma accelerator of closed-drift electrons and is similar to the anode layer plasma accelerator. The special configuration of this source enables unlimited operation with oxygen and other highly reactive gases because no electron source is needed in the ion source. When the anode is positively biased relative to the grounded cathode, the plasma discharge can be produced in the E ϫ B fields around the discharge region. The strong magnetic field between the inner and outer poles suppresses the transverse mobility of electrons and a strong transverse electric field can be kept in the discharge plasma. Therefore, the magnetron hollow cathode glowing discharge can be easily ignited by closed-drift electrons in the E ϫ B fields at a low gas pressure. The theoretically simulated magnetic field lines are shown in Fig. 2 
where m is magnetic potential, is permeability, and m is the magnetic charge density. When the boundary values are given, we can calculate the distributions of the magnetic field in the linear ion source. In the extraction region, the electric field intersects the magnetic field in the direction of the ion beam extraction. The E ϫ B fields cause a drift in the electrons without affecting the ions due to the much larger larmor radius of ions. The ions are then accelerated by the strong transverse electric field in the discharge plasma and extracted in the direction of the open slit. A photograph of the linear ion source displayed in Fig. 3 shows a simple rectangular configuration. An open slit 1200 mm long and 40 mm wide is used for ion beam extraction. A 5-kW dc power supply with voltage up to 1000 V is used to power the ion source. A power supply with high voltage ͑1500 V͒ and low short circuit current ͑0.1 A͒ is used for igniting glow discharge. Therefore, the low voltage and high current mode can be easily achieved by adjusting only the output voltage. The discharge voltage can be changed from 300 to 1000 V. In our experiments, argon was used as the working gas. The gas pressure in the vacuum chamber during ion source operation was about 0.05-3 mTorr. The discharge currents increase with the voltage, which can be changed from 1 to 10 A. In the diffusion mode, the divergent ion beams are formed down at the open slit. A photograph of the ion beam viewed from the end is exhibited in Fig. 4 . The divergent angle of the ion beam varies with the gas pressure and working voltage. An ion beam with a small angle divergence can be formed at a high voltage and low gas pressure.
III. ION SOURCE CHARACTERISTICS AND APPLICATIONS
The ion beam current density distribution is measured by a movable linear probe downstream at the open slit. The probe is grounded through an ampere meter. The probe width is 25 mm and the distance between the ion source exit and linear probe is about 100 mm. The ion beam current distribution of the linear ion source is shown in Fig. 5 . Here, the discharge voltage is 400 V and the discharge current is 3 A. The argon gas flow rate is 40 sccm and the gas pressure is 0.7 mTorr. The nonuniformity of the linear ion current density distribution along the open slit is below ±12% for a distance of 1200 mm. The transverse ion current density distribution is also measured by a planar probe. The ion current density distribution along the transverse symmetry axis at a distance of about 100 mm is shown in Fig. 6 . The angle of ion beam divergence in the transverse direction is about 60° .   FIG. 1 . Cross-sectional schematic diagram of the linear ion source. ͑1͒ cathode-outer magnet pole, ͑2͒ anode with water-cooled channel, ͑3͒ cathode-inner magnetic pole, ͑4͒ water outlet, ͑5͒ gas inlet, ͑6͒ water inlet, ͑7͒ SmCo permanent magnet, ͑8͒ stainless steel shield, ͑9͒ stainless steel cover, ͑10͒ discharge and extraction region. 
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In the anode layer ion source, the energy distribution of the ion beam can range from a few tens of eVs to the discharge voltage. This may not pose a problem in some applications such as plasma accelerators and ion irradiation. Nonetheless, the broad energy will cause broadened elemental depth profiles in the treated materials. In the anode layer ion source, the plasma electrons are partially trapped in the positive potential well of the ion beam resulting in self-neutralization. Therefore, a substantial plasma flow exists in the extracted beams. When a probe grounded by a capacitor is inserted in the extracted beams, the ion beam will charge the capacitor and bias the probe positively. Meanwhile, the positive bias will attract the plasma electrons and repel the low energy ions. When the number of plasma electrons is equal to that of high energy ions, the probe potential will become constant. The ratio of the probe potential to anode voltage will increase from 35% to 50% with the increase of anode voltage. It can be concluded from the probe potential versus anode voltage plot displayed in Fig. 7 .
In our experiments, the high voltage and low current mode cannot be easily reached except using the current limiting power supply. This is due to the wide open slit that enables more free electrons to be captured by the anode in the crossed fields in the presence of strong glow discharge. However, if the linear ion source is used to treat polymer films, the working parameters will be changed. To demonstrate the efficacy of the linear ion source, we use it to conduct flexible coating for in-line pretreatment. Polyethylene terephthalate ͑PET͒ films 1200 mm wide are moved across the ion beam at a speed of 0 -100 m / s. It is found that the discharge current of the ion source is lower than that of metal surface modification. This is because charge accumulation on the insulating films repels ions and suppresses glow discharge in the ion source. The discharge current of ion source is about 0.3 A at 700 V anode voltage when the polymer films are stationary. The discharge current increases from 0.3 to 0.7 A when the polymer films move from 0 to 100 m / s. After ion irradiation, thermal vapor deposition of ZnS is performed on both the ion-irradiated or as-received polymer films. Subsequently, an adhesive tape is applied to the surface of coated polymers and then peeled off. This simple test indicates that the adhesion strength of the coated ZnS film is improved significantly by over 100% after argon ion beam irradiation.
IV. CONCLUSION
A linear ion source with magnetron hollow cathode glow discharge comprising a linear open slit with close drift of electrons has been constructed. This special and robust configuration permits expanded operation with only the watercooled anode. The ion beam current density and ion energy are experimentally measured and discussed. The results suggest that uniform ion irradiation can be achieved in the direction of the open slit. The length of the ion beam extraction exit can in principle be scaled to longer length; for example, 4000 mm. The linear ion source is successfully used to improve the adhesion strength of polymer films. The simple design including the simple power supply make the linear ion source very suitable for industry in-line production applications, such as cleaning, sputtering, etching, and ion beam assisted deposition. 
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